Govindaiah G, Cox CL. Distinct roles of metabotropic glutamate receptor activation on inhibitory signaling in the ventral lateral geniculate nucleus. J Neurophysiol 101: 1761-1773, 2009. First published January 28, 2009 doi:10.1152/jn.91107.2008. The ventral lateral geniculate nucleus (vLGN) has been implicated in numerous functions including circadian rhythms, brightness discrimination, pupillary light reflex, and other visuomotor functions. The contribution of inhibitory mechanisms in the regulation of vLGN neuron excitability remains unexplored. We examined the actions of metabotropic glutamate receptor (mGluR) activation on the intrinsic excitability and inhibitory synaptic transmission in different lamina of vLGN. Activation of mGluRs exerts distinct pre-and postsynaptic actions in vLGN neurons. In the lateral magnocellular subdivision of vLGN (vLGNl), the general mGluR agonist (1S,3R)-1-aminocyclopentane-1,3-dicarboxylic acid (ACPD) enhanced the frequency of GABA A receptor-mediated spontaneous inhibitory postsynaptic currents (sIPSC) that persisted in the presence of sodium channel blocker tetrodotoxin (TTX) in a subpopulation of neurons (TTX insensitive). This increase is attributed to the increased output of dendritic GABA release from vLGN interneurons. In contrast, in the medial subdivision of vLGN (vLGNm), the mGluR agonist-mediated increase in sIPSC frequency was completely blocked by TTX. The selective Group I mGluR agonist (RS)-3,5-dihydroxyphenylglycine (DHPG) increased sIPSC frequency, whereas the selective Group II mGluR agonist (2R, 4R)-4-aminopyrrolidine-2,4-dicarboxylate (APDC) significantly decreased sIPSC frequency in vLGNl neurons. Optic tract stimulation also produced an mGluR-dependent increase in sIPSC frequency in vLGNl neurons. In contrast, we were unable to synaptically evoke alterations in sIPSC activity in vLGNm neurons. In addition to these presynaptic actions, DHPG depolarized both vLGNl and vLGNm neurons. In vLGN interneurons, mGluR activation produced opposing actions: APDC hyperpolarized the membrane potential, whereas DHPG produced a membrane depolarization. The present findings demonstrate diverse actions of mGluRs on vLGN neurons localized within different vLGN lamina. Considering these different lamina are coupled with distinct functional roles, thus these diverse actions may be involved in distinctive forms of visual and visuomotor information processing.
I N T R O D U C T I O N
The lateral geniculate nuclear complex of the thalamus is subdivided into three major nuclei: the dorsal lateral geniculate nucleus (dLGN), the ventral lateral geniculate nucleus (vLGN) , and the thin laminar intergeniculate leaflet (IGL) (Conley and Friederich-Ecsy 1993a,b; Harrington 1997; Hickey and Spear 1976; Jones 1985) . The dLGN is best known for its critical role in transferring visual information from the retina to primary visual cortex; however, the functional significance of the vLGN is less understood. The vLGN is subdivided into two functionally distinct laminae: the larger lateral magnocellular lamina (vLGNl) and the smaller medial parvocellular lamina (vLGNm) (Gabbott and Bacon 1994; Harrington 1997; Hickey and Spear 1976; Swanson et al. 1974) . The vLGNl receives projections from the retina, neocortex, and superficial layers of superior colliculus (Born and Schmidt 2008; Brauer and Schober 1982; Hickey and Spear 1976; Moore et al. 2000; Perry and Cowey 1979; Stelzner et al. 1976; Takahashi et al. 1977; Taylor et al. 1986 ). In contrast, the vLGNm receives inputs from the deep layers of superior colliculus, periaqueductal gray, pedunculopontine tegmental nucleus, parabrachial nucleus, lateral dorsal tegmental nucleus, substantia nigra, pretectal nuclear complex, locus coeruleus, and dorsal raphae nucleus (Harrington 1997; Hickey and Spear 1976; Perry and Cowey 1979) . The vLGNm also receives thalamic inputs from multiple dorsal nuclei including parafascicular, central lateral, medial dorsal, posterior thalamic, and lateral dorsal nuclei . The vLGNl projects to the superficial layers of the superior colliculus (Brauer and Schober 1982; Kawamura et al. 1978; Taylor et al. 1986 ), whereas vLGNm projects to the pretectal nuclear complex, zona incerta, brain stem nuclei, and intralaminar thalamic nuclei (Born and Schmidt 2008; Kawamura et al. 1978; Kolmac et al. 1998) . Through its complex cytoarchitecture and diverse afferents and efferents, the vLGN is thought to play an important roles in integration of visuomotor functions and circadian rhythm (Born and Schmidt 2008; Hickey and Spear 1976; Pu and Pickard 1996; Swanson et al. 1974; Takahashi et al. 1977) . Multiple subtypes of vLGN neurons have been differentiated based on the responsiveness to different stimuli including visual stimuli, visuomotor stimuli, and eye movements (Buttner and Fuchs 1973; Hada et al. 1986; Harrington 1997; Hughes and Ater 1977; Putkonen et al. 1973; Zhang and Rusak 1989) . Lesion studies indicate that vLGN serves many functional roles including brightness discrimination, pupillary light reflex, and circadian rhythms (Buttner and Fuchs 1973; Hada et al. 1986; Harrington 1997; Hughes and Ater 1977; Legg and Cowey 1977a,b; Pu and Pickard 1996; Quintero et al. 2003; Rusak and Zucker 1979) . Broadly speaking, these two subdivisions of vLGN are thought to regulate distinct types of information processing; namely visual processing in vLGNl and visuomotor processing in vLGNm (for review, see (Harrington 1997) .
Inhibitory mechanisms within thalamus play important roles in the integration of ascending sensory signals by altering the time course of sensory responses and modifying receptive field properties of thalamocortical neurons (Cope et al. 2005; Holdefer et al. 1989 ; Lee et al. 1994a,b; Norton and Godwin 1992; Norton et al. 1989; Zhu and Lo 1998) . Inhibition also plays a crucial role in the synchronization and maintenance of intrathalamic oscillatory activities associated with various arousal states and certain pathophysiological conditions (Bright et al. 2007; Huguenard and Prince 1994; Steriade et al. 1993; Zhu and Lo 1998) . Inhibitory innervations within the visual thalamus (dLGN) primarily arise from two sources: ␥-aminobutyric acid (GABA)-containing local interneurons and thalamic reticular nucleus (TRN) neurons. Local interneurons within the dLGN are unique in that they give rise to two distinct types of output: axonal and dendritic. In dLGN, conventional axonal output of interneurons arises from axon terminals that form axodendritic or axosomatic inhibitory synapses onto relay neurons (F1 terminals). The second output is via dendrites of these interneurons that form dendrodendritic synapses onto relay cell dendrites and are known as F2 terminals/synapses (Bright et al. 2007; Famiglietti and Peters 1972; Hamos et al. 1985; Montero 1986; Ralston 1971) . Synaptic stimulation of the retinogeniculate pathway or pharmacological activation by metabotropic glutamate receptors (mGluRs) can selectively activate F2 terminals leading to an increase in GABA A receptormediated inhibitory responses in dLGN thalamocortical neurons (Cox and Sherman 2000; Cox et al. 1998; Cox 2004, 2006) . Anatomical studies indicate the presence of GABAergic interneurons and both F1 and F2 synapses in the vLGN, similar to that in dLGN (Gabbott and Bacon 1994; Sun et al. 2005) . Synaptic islands consisting of three or more synapses have been observed throughout the vLGN (Stelzner et al. 1976 ). These synaptic islands differ from the "synaptic glomeruli" found in other thalamic nuclei in that they are not encapsulated by glial processes and the component parts are more variable; however, the presence of F2 terminals is clear (Jones 1983) . The functional significance of these F2 synapses within the vLGN remains unknown. Although limited studies indicate the presence of mGluRs within vLGN (Gu et al. 2008; Ohishi et al. 1993 Ohishi et al. , 1995 , electrophysiological studies examining the consequences of mGluR activation on neuronal excitability and synaptic transmission in vLGN is lacking. Considering the differences in the synaptic organization and diverse afferents and efferents in vLGN, the present study was aimed to examine the role of mGluRs on neuronal excitability and its regulation of inhibitory synaptic transmission in vLGN. Our results indicate that mGluRs exert both pre-and postsynaptic actions and show differential actions in a laminar specific manner.
M E T H O D S

Thalamic slice preparation
All experimental procedures were carried out in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and were approved by the University of Illinois Animal Care and Use committee. Thalamic slices were prepared from Sprague-Dawley rats (postnatal age: 9 -20 days). Rats were deeply anesthetized with sodium pentobarbital (50 mg/kg), decapitated, and brains transferred into cold (ϳ4°C), oxygenated (95% O 2 -5% CO 2 ) slicing solution containing (in mM) 2.5 KCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 10.0 MgCl 2, 2.0 CaCl 2, 234.0 sucrose, and 11.0 glucose. Coronal or horizontal slices (250 -300 m thickness) at the level of vLGN were cut using a vibrating tissue slicer. Slices were incubated at 32°C in an oxygenated (95% O 2 -5% CO 2 ) artificial cerebrospinal fluid (ACSF) consisted of (in mM) 126.0 NaCl, 26.0 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 2.0 MgCl 2 , 2.0 CaCl 2 , and 10.0 glucose.
Whole cell recording procedures
Whole cell recording procedures were similar to those described previously (Govindaiah and Cox 2006) . Briefly, recordings were performed from vLGN neurons that were superfused with oxygenated ACSF at 3 ml/min and maintained at 32°C. Recordings were obtained with the visual aid of a microscope (Axioskop 2FS, Carl Zeiss) equipped with differential interference contrast optics. Neuronal types in vLGN were distinguished by their electrophysiological properties. Recording pipettes had tip resistances of 3-5 M⍀ when filled with internal solution. For current-clamp experiments, the internal solution contained (in mM) 117.0 K-gluconate, 13.0 KCl, 1.0 MgCl 2 , 0.07 CaCl 2 , 0.1 EGTA, 10.0 HEPES, 2.0 Na-ATP, 0.4 Na-GTP, and 0.3% biocytin. The pH and osmolarity of internal solution were adjusted to 7.3 and 290 mosM, respectively. For voltage-clamp experiments, the internal solution contained (in mM) 117.0 Cs-gluconate, 13.0 CsCl, 1.0 MgCl 2 , 0.07 CaCl 2 , 0.1 EGTA, 10.0 HEPES, 2.0 Na 2 -ATP, 0.4 Na-GTP, and 0.3% biocytin. After forming the whole cell configuration, the recording was allowed to stabilize for Ն5 min prior to data acquisition. Inhibitory postsynaptic currents (IPSCs) were recorded from vLGN neurons using the cesium-based internal solution and a holding potential of 0 mV to optimize IPSC recordings and attenuate postsynaptic actions of mGluR agonists on the recorded neurons (Cox and Sherman 2000; Govindaiah and Cox 2006; McCormick and von Krosigk 1992) .
Synaptic stimulation
Electrical stimulation of optic tract (OT) was accomplished using a monopolar stimulating electrode and passing square wave constant current pulses (200 -500 A, 100 s duration, 200 Hz, 10 pulses) as described previously Cox 2004, 2006) . To stimulate afferents to the vLGNm, the stimulating electrode was placed on the medial border of vLGNm. Signals were amplified using a Multiclamp 700 amplifier (Molecular Devices, Sunnyvale, CA), and subsequently digitized at 2.5-5 kHz, low-pass filtered at 10 kHz, and stored on computer for off-line analyses using pClamp software.
Data analyses
Data-acquisition and -analysis procedures are similar to that described previously (Govindaiah and Cox 2006) . Alterations in membrane potential were quantified using pClamp software (Molecular Devices). The IPSCs were detected and analyzed using MiniAnalysis software program (Synaptosoft, Leonia, NJ). The criterion for IPSC detection was configured from spontaneous recordings in the presence of the GABA A receptor antagonist SR95531 (10 M), and the threshold for IPSC detection was 10 pA. The average sIPSC frequency and amplitude were calculated from 120-s periods sampled at 3 min prior to agonist application and 30 s following agonist application. Quantification of the tetanic stimulation evoked sIPSC activity was performed on 15-25 s windows following stimulation and averaged for three consecutive stimuli. The data are expressed as means Ϯ SD unless noted otherwise. P values Ͻ0.05 were considered statistically significant.
Application of pharmacological agents
Stock solutions of pharmacological agents were prepared and stored as recommended by the manufacturer. Agents were diluted in physiological saline to a desired final concentration just prior to application. Agonists were applied via a short bolus into the input line of the recording chamber using a syringe pump, and all antagonists were bath applied (Cox and Sherman 1999) . Compounds were purchased from either Tocris (Ellisville, MO) or Sigma (St. Louis, MO).
R E S U L T S As illustrated in Fig. 1A , the vLGN is differentiated into two major subdivisions: lateral and medial vLGN (vLGNl and vLGNm) based on cytoarchitecture (Harrington 1997; , and each division contains morphologically diverse neuronal populations (Mounty et al. 1977 ). Whole cell current and voltage recordings were obtained from identified neurons in these two distinct laminae. The intrinsic properties of neurons in vLGNl were strikingly different from vLGNm (e.g., Fig. 6B ). In addition, GABA-containing interneurons had distinct intrinsic properties and were found scattered across the vLGN, consistent with a previous histological study showing GABA immunoreactivity in vLGN (Gabbott and Bacon 1994) . The physiological properties of interneurons were similar to those found in dLGN interneurons (Pape and McCormick 1995; Williams et al. 1996) . The resting membrane potential of vLGNl neurons was significantly (P Ͻ 0.05, t-test) hyperpolarized (Ϫ67.0 Ϯ 4.0 mV; n ϭ 16) compared with vLGNm neurons (-61.4 Ϯ 3.0 mV; n ϭ 12). The apparent input resistance of vLGNl and vLGNm neurons averaged 320 Ϯ 117 M⍀ (n ϭ 16) and 508 Ϯ 124 M⍀ (n ϭ 12), respectively, which significantly differed (P Ͻ 0. 01, t-test) . In contrast to these projection neurons, the resting membrane potential of interneurons was more depolarized (-53.4 Ϯ 5.0 mV, n ϭ 10), and these cells had higher input resistances 723 Ϯ 108 M⍀ (n ϭ 10). The neurons in vLGNl were characterized by the ability to produce burst discharge via activation of a low-threshold calcium spikes (LTS), whereas vLGNm neurons lacked the ability to produce burst discharge as well as the underlying LTS.
Activation of presynaptic mGluRs differentially regulate inhibitory activity in vLGN neurons
Spontaneous IPSCs (sIPSCs) were recorded from individual neurons using voltage clamp recording techniques with a V hold B A i. -4.16 ii. -4.30 iii. of 0 mV. In control conditions, the general mGluR agonist (1S,3R)-1-aminocyclopentane-1,3-dicarboxylic acid (ACPD) produced a robust increase in the sIPSC frequency in most vLGN neurons tested (e.g., Fig. 2 ). In a subset of these vLGN neurons, the ACPD-mediated increase in sIPSC activity persisted in the presence of TTX (TTX insensitive), similar to that found in dLGN relay neurons (Cox and Sherman 2000; Cox et al. 1998; Govindaiah and Cox 2006) . In the remaining 10 min neurons, the ACPD-mediated increase in sIPSC activity was completely blocked in TTX (TTX insensitive). Overall, TTXsensitive and -insensitive neurons were differentially distributed across the vLGN (Fig. 1B) . In control conditions, ACPD (100 M) produced an increase in sIPSC frequency in 91% (50/55) of vLGNl neurons tested. Subsequently, following the addition of TTX (1 M), ACPD produced an increase in sIPSC activity in 34 of the 50 responsive neurons (68%). In theses TTX-insensitive neurons, ACPD (100 M, 15 s) significantly increased sIPSC frequency in control conditions from 5.3 Ϯ 2.7 to 18.8 Ϯ 2.4 Hz (Fig. 2Ai , n ϭ 5; P Ͻ 0.001, paired t-test). In the presence of TTX (1 M), the sIPSC frequency was still significantly increased by ACPD (TTX alone: 4.3 Ϯ 1.5 Hz; TTXϩACPD: 15.9 Ϯ 3.5 Hz, n ϭ 5, P Ͻ 0.001, paired t-test). In the remaining 16 vLGNl neurons (TTX sensitive), ACPD increased sIPSC frequency in control conditions from 6.1 Ϯ 3.0 to 15.7 Ϯ 2.4 Hz ( Fig. 2Aii ; n ϭ 5; P Ͻ 0.01, paired t-test). In these neurons, the increase in sIPSC activity was completely attenuated in TTX (TTX alone: 4.5 Ϯ 2.3 Hz; TTXϩACPD: 4.8 Ϯ 2.3 Hz, n ϭ 5; P Ͼ 0.1, paired t-test). The TTX-insensitive and -sensitive neurons appeared evenly distributed across the vLGNl (Fig. 1C) .
In a similar manner, ACPD produced a significant increase in sIPSC frequency in 36 of 44 vLGNm neurons in control conditions. As illustrated in Fig. 2B , ACPD (100 M) increased sIPSC frequency in control conditions (pre: 5.4 Ϯ 2.6, ACPD: 18.8 Ϯ 3.2 Hz, n ϭ 5, P Ͻ 0.001, paired t-test). In contrast to vLGNl neurons, the vLGNm neurons displayed a TTX-sensitive increase in sIPSC activity to ACPD in 35 of 36 neurons (97%). In TTX (1 M), subsequent ACPD application did not significantly alter sIPSC frequency (Fig.  2B , TTX: 2.7 Ϯ 0.8 Hz; TTXϩACPD: 2.3 Ϯ 1.3 Hz; n ϭ 5; P Ͼ 0.5, paired t-test). The sIPSCs were completely attenuated by GABA A receptor antagonist SR95531 (10 M), indicating these events are mediated through GABA A receptors (Fig. 2Ai) .
Differential regulation of GABAergic inhibition by mGluR subtypes
We next examined the contribution of specific mGluR subtypes on inhibitory activity in vLGN neurons. The selective Group I mGluR agonist (RS)-3,5-dihydroxyphenylglycine (DHPG, 10 -100 M) produced an increase in sIPSC frequency in 12 of 16 vLGNl neurons, similar to that observed with ACPD (Fig. 3A) . In control conditions, DHPG (25 M) significantly increased sIPSC frequency from 4.0 Ϯ 1.5 to 16.2 Ϯ 5.4 Hz. In TTX (1 M), the DHPG-mediated increase in sIPSC activity persisted in 75% of the vLGNl neurons (Fig.  3Ai) . In TTX, the sIPSC frequency averaged 3.4 Ϯ 1.5 Hz, and subsequent DHPG application significantly increased sIPSC activity to 16.7 Ϯ 4.5 Hz (Fig. 3A, i and ii, n ϭ 5, P Ͻ 0.001, paired t-test). As illustrated in Fig. 3Aiv , DHPG produced a significant decrease in inter-event intervals (P Ͻ 0.01, Kolmogorov-Smirnov test) with no change in sIPSC amplitude (P Ͼ 0.1, Kolmogorov-Smirnov test). In contrast, the selective Group II mGluR agonist (2R, 4R)-4-aminopyrrolidine-2,4-dicarboxylate (APDC, 5-50 M) produced the opposite action. Subsequent application of APDC in TTX produced a reduction in sIPSC frequency (Fig. 3Aid) . Overall, APDC significantly reduced sIPSC frequency from 3.2 Ϯ 0.8 to 0.78 Ϯ 0.4 Hz in TTX (Fig. 3Aiii , n ϭ 5, P Ͻ 0.01, paired t-test). This alteration is illustrated in Fig. 3Av , APDC produced a significant increase in interevent intervals (P Ͻ 0.01, Kolmogorov-Smirnov test) but did not alter sIPSC amplitude (P Ͼ 0.1, KolmogorovSmirnov test). These data indicate that activation of presynaptic Group I or II mGluRs can lead to an increase or decrease in sIPSC activity, respectively. Furthermore, both of these alterations occur via a presynaptic mechanism in a TTX-insensitive manner.
In contrast to vLGNl neurons, DHPG and APDC did not alter sIPSC activity in the presence of TTX in any vLGNm neurons tested (Fig. 3B ). Although DHPG (25 M) significantly increased sIPSC frequency in normal ACSF similar to ACPD (pre-DHPG: 3.5 Ϯ 1.5 Hz; DHPG: 7.6 Ϯ 5.0 Hz, n ϭ 6, P Ͻ 0.01, paired t-test, not shown), this action was completely blocked in TTX (Fig. 3B, i and ii, TTX: 1.3 Ϯ 0.6 Hz; DHPGϩTTX: 1.4 Ϯ 0.7 Hz, n ϭ 6, P Ͼ 0.5, paired t-test). Subsequent application of APDC (25 M) in these cells did not alter sIPSC frequency (Fig. 3Biii , TTX: 1.3 Ϯ 0.6 Hz; APDCϩTTX: 1.1 Ϯ 0.8 Hz, n ϭ 8, P Ͼ 0.5, paired t-test).
Optic tract stimulation increases sIPSC frequency in vLGNl neurons
In dLGN, optic tract (OT) stimulation can increase sIPSC activity in relay neurons in an activity-dependent manner (Govindaiah and Cox 2004 ), so we tested if OT stimulation would produce similar effects in vLGN neurons. High-frequency OT stimulation (250 -400 A, 200 Hz, 10 pulses) evoked a lasting increase in sIPSC activity selectively in vLGNl neurons (Fig. 4A ) but did not alter sIPSC activity in vLGNm neurons (Fig. 5A ). Considering monosynaptic excitatory activation of interneurons by OT stimulation likely involves ionotropic glutamate receptor (iGluR) activation, we next repeated the OT stimulation experiment in the presence of N-methyl-D-aspartate (NMDA) and non-NMDA glutamate receptor antagonists [(Ϯ)-3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP; 25 M) and 6,7-dinitroquinoxaline-2,3-dione (DNQX; 40 -60 M), respectively. In these conditions, OT stimulation still produced a robust increase in sIPSC activity in vLGNl neurons (Fig. 4Aii) . OT stimulation produced a significant increase in sIPSC frequency from 3.8 Ϯ 2.7 to 20.0 Ϯ 5.0 Hz in control conditions (Fig. 4D , n ϭ 6, P Ͻ 0.001, paired t-test). In the presence of iGluR antagonists (DNQX/CPP), the increase in sIPSC frequency by OT stimulation persisted in 6 of 10 neurons (Fig. 4D , pre-stim.: 3.1 Ϯ 1.0 Hz; OT stim.: 12.0 Ϯ 3.5 Hz, n ϭ 6, P Ͻ 0.01, paired t-test). The sIPSCs evoked by OT stimulation were completely attenuated by GABA A receptor antagonist SR95531 (10 M, Fig. 4Aiii ). The increase in sIPSC frequency by OT stimulation that persisted in presence of iGluR antagonists was subsequently attenuated by the general mGluR antagonist (Ϯ)-alphamethyl-4-carboxyphenylglycine (MCPG, 500 -750 M), indicating that the increase in sIPSC activity is mediated by mGluR activation (Fig. 4, C and F) . The peak frequency of sIPSCs evoked by OT stimulation conditions was significantly reduced from 14.8 Ϯ 2.1 Hz (n ϭ 4) to 5.7 Ϯ 1.9 Hz (n ϭ 4) in MCPG (P Ͻ 0.001, paired t-test, Fig. 4, C and F) . In a smaller subset of vLGNl neurons, OT stimulation produced a significant increase in sIPSC activity in normal ACSF (pre-stim.: 5.2 Ϯ a. Pre-DHPG (TTX) 
4.1 Hz; OT stim.: 12.0 Ϯ 9.5 Hz, n ϭ 4; P Ͻ 0.05, paired t-test); however, in DNQX/CPP, OT stimulation no longer altered sIPSC frequency (pre-stim.: 4.5 Ϯ 2.7 Hz; OT stim.: 4.6 Ϯ 4.3 Hz, n ϭ 4; P Ͼ 0.1, paired t-test, Fig. 4, B and E) .
Synaptic afferents to vLGNm neurons arise from a variety of structures. To determine if we could produce alterations in sIPSC activity by tetanic stimulation as seen above in vLGNl neurons, we used extracellular stimulation at the medial border of vLGNm (presumed fibers from midline nuclei). Tetanic stimulation of the ventral border (300 -400 A, 200 Hz, 10 pulses) produced a modest, short-duration increase in sIPSC frequency in three of nine neurons ( Fig. 5A ; pre-stim: 3.6 Ϯ 3.1 Hz; post-stim.: 6.5 Ϯ 3.7 Hz, n ϭ 9). In the presence of DNQX/CPP, OT stimulation did not significantly increase sIPSC activity ( Fig. 5Aii ; pre-stim.: 3.6 Ϯ 3.7 Hz; post-stim.: 4.7 Ϯ 3.8 Hz, n ϭ 9; P Ͼ 0.1). Stimulation of the medial border of vLGNm also activated afferent fibers, and although produced a short excitatory postsynaptic potential (EPSC), this stimuli produced a small increase in sIPSCs in two of seven cells tested in control conditions (Fig. 5Bi) , that was completely blocked by subsequent application of iGluR antagonists DNQX and CPP (Fig. 5Bii) . In the presence of DNQX/CPP, medial stimulation did not significantly alter sIPSC activity (pre-stim.: 3.2 Ϯ 1.3 Hz; post-stim.: 3.6 Ϯ 1.2 Hz, n ϭ 7; P Ͼ 0.1, Fig. 5Aiv ).
Postsynaptic activation of mGluR differentially alter excitability of vLGN neurons
To test the actions of mGluRs on membrane excitability and inhibitory activity in different neuron types in vLGN, membrane voltages were obtained using current-clamp recording techniques. Neuronal types were distinguished by their electrophysiological properties and location within vLGN (Fig. 6 ). As illustrated in Fig. 6Ai , vLGNl neurons responded to hyperpolarizing current pulses with a moderate long latency depolarizing sag. On cessation of the current step, there was a transient burst discharge of action potentials riding atop an LTS, strikingly similar to a typical thalamocortical relay neuron (Govindaiah and Cox 2005; Jahnsen and Llinás 1984; McCormick and Feeser 1990; Steriade et al. 1993) ; however, previous reports indicate such responses were rarely observed in vLGN neurons (Crunelli et al. 1987) . We found that vLGNl neurons clearly produced burst discharge, whereas vLGNm neurons did not produce burst discharge (cf., Fig. 6 , Ai and Bi). In vLGNl neurons, the general mGluR agonist ACPD (100 M) produced a robust depolarization in 12 of 15 neurons with an average peak amplitude of 10.5 Ϯ 3.1 mV (range: 7-16 mV, n ϭ 12) in the presence of 1 M TTX (Fig. 6Aii) . We next tested selective mGluR agonists, DHPG and APDC on the membrane potentials of vLGNl neurons. The selective Group I agonist DHPG (25-50 M) depolarized the majority of vLGNl (86%: 18/21) with an average amplitude of 11.6 Ϯ 6.4 mV (n ϭ 18, Fig. 6Aiv ). The depolarization produced by DHPG was associated with an increase in the frequency of spontaneous inhibitory postsynaptic potentials (sIPSPs) in five of eight neurons tested (Fig. 6Aiv) . In contrast, the Group II agonist APDC (10 -25 M) did not alter membrane potential in these neurons (Fig. 6Aiii) .
We next tested the effects of mGluRs on membrane potential and sIPSPs in identified vLGNm neurons. Aside from their different location, the vLGNm neurons could also be distinguished by distinct intrinsic properties. These neurons had little or no apparent depolarizing sag in response to hyperpolarizing current steps and furthermore lacked burst discharge and apparent underlying LTS following the offset of the hyperpolarizing current step (Fig. 6Bi) . In vLGNm neurons, ACPD produced a robust depolarization (10.6 Ϯ 4.9 mV) in nearly all neurons tested in TTX (Fig. 6Bii, 10/12 cells) . In a similar manner, DHPG (25-50 M) depolarized the majority of vLGNm neurons tested (7 of 9 cells); however, there was no increase in sIPSP activity as observed in the vLGNl neurons (Fig. 6Biv) . Similar to vLGNl neurons, APDC (5-50 M) did not alter membrane potential or sIPSP activity in these neurons (Fig. 6Aiii) .
We next evaluated the actions of mGluR agonists on excitability of identified GABAergic interneurons in vLGN. The interneurons were distinguished by their soma size and confirmed by their physiological properties (Fig. 6Ci) and acted similar to those found in dLGN (Govindaiah and Cox 2006; Pape and McCormick 1995; Williams et al. 1996) . In these cells, ACPD produced a negligible membrane depolarization that averaged 1.7 Ϯ 1.3 mV (n ϭ 3, Fig. 6Cii ). Interestingly, DHPG (25-50 M) produced a membrane depolarization that averaged 4.2 Ϯ 1.1 mV (n ϭ 4) without altering sIPSP activity (Fig. 6Civ) . In contrast, APDC (25 M) produced a membrane hyperpolarization (2.6 Ϯ 1.5 mV, n ϭ 3) in the same neuron (Fig. 5Ciii) . These findings were consistent with mGluRmediated responses in dLGN interneurons (Govindaiah and Cox 2006) .
D I S C U S S I O N
The present study demonstrates a complex and diverse role of mGluRs in the regulation of neuronal excitability and inhibitory synaptic activity in magnocellular vLGNl and parvocellular vLGNm laminae of vLGN. Briefly, mGluR activation alters inhibitory activity in a TTX-sensitive or -insensitive manner in vLGNl but only a TTX-sensitive manner in the vLGNm. Selective activation of Group I mGluRs leads to an increase in inhibitory activity, whereas Group II mGluRactivation decreases inhibitory activity in a TTX-insensitive man- ner in vLGNl neurons. In contrast, neither Group I nor Group II mGluR activation altered inhibitory activities in the presence of TTX in vLGNm neurons. Activation of retinogeniculate afferents to vLGN neurons increases sIPSC activity in vLGNl neurons, but not in vLGNm neurons similar to that observed with Group I mGluR agonist. Finally, activation of Group I mGluR strongly depolarizes the majority of vLGNl and vLGNm neurons. In vLGN interneurons, Group II mGluR agonists produce a membrane hyperpolarization, whereas Group I mGluR agonist produces a membrane depolarization. Our findings clearly indicate that mGluR activation can influence information processing by way of selective actions on specific neuronal subtypes in distinct vLGN laminae. Based on anatomical criteria, the vLGN is divided into two distinct laminae, lateral (vLGNl) and medial (vLGNm) divisions that likely serve different functions (Kawamura et al. 1978; . The vLGNl is innervated by retina, visual cortex, and superior colliculus (Brauer and Schober 1982; Kawamura et al. 1978; Taylor et al. 1986 ). In contrast, vLGNm is innervated by various brain stem nuclei, motorrelated nuclei, and dorsal thalamic nuclei including the centrolateral, parafascicular, mediodorsal and laterodorsal nuclei (Kawamura et al. 1978; Nakamura and Itoh 2004) . Thus vLGNm has been suggested to play role in arousal, viscero-sensory, pain, and emotion via its brain stem innervations and implicated to be involved the processing of visuomotor-related information, signaling eye movements, intended eye movements, eye and head position, and vestibular reflexes via its subcortical innervations (Kawamura et al. 1978; Nakamura and Itoh 2004) . Despite the developing stories regarding the functional significance of the different vLGN laminae, our results suggest that that mGluRs may differentially regulate neuronal activity in these laminae and ultimately may differentially influence visual-and visuomotor-related information processing.
Inhibitory neurons, including local interneurons and thalamic reticular nucleus neurons, in the thalamus play an important role in the transfer of visual information to the cortex (Bright et al. 2007; Cope et al. 2005; Lee et al. 1994a,b; Norton FIG. 4. Optic tract stimulation increases inhibition in vLGNl. A: optic tract (OT) stimulation increases sIPSC activity in vLGNl neuron. i: in control conditions, tetanic OT stimulation (200 A, 200 Hz, 10 pulses) increases sIPSC activity (b) from the baseline levels (a). Aii: in the presence of 6,7-dinitroquinoxaline-2,3-dione (DNQX, 50 M) and (Ϯ)-3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP, 25 M), OT stimulation still produces an increase in sIPSC activity in a subpopulation of neurons. Aiii: the sIPSCs are completely blocked by a GABA A receptor antagonist SR95531 (10 M). B: in subpopulation of vLGNl neurons, OT stimulation increases sIPSC frequency in normal ACSF (i); however, in DNQX and CPP, OT stimulation no longer alters sIPSC frequency (ii). Ci: in a different vLGNl neuron, OT stimulation in the presence of DNQX and CPP produces a robust increase in sIPSC activity. Cii: in the presence of the general mGluR antagonist (Ϯ)-alpha-methyl-4-carboxyphenylglycine (MCPG, 500 M), the increase in sIPSC activity by OT stimulation is attenuated. D: population data from vLGNl neurons reveal iGluR-independent increase in sIPSC activity. In control conditions (■), OT stimulation produces an increase in sIPSC frequency and that persists in the presence of iGluR antagonists DNQX and CPP (U, n ϭ 6 cells). E: population data from vLGNl neurons illustrating the iGluR-dependent increase in sIPSC activity. In control conditions, OT stimulation produces an increase in sIPSC activity (■). In DNQX and CPP, OT stimulation does not alter sIPSC frequency (U, n ϭ 4). F: population data from vLGNl neurons, in which OT stimulation produces an increase in sIPSC frequency in DNQX/CPP (■, n ϭ 4). The increased sIPSC activity by OT stimulation is attenuated in the presence of MCPG (U, n ϭ 4). and Godwin 1992; Norton et al. 1989; Zhu and Lo 1998) . A unique characteristic of thalamic interneurons is that they give rise to two distinct types of output onto thalamocortical relay neurons: axonal and dendritic (Famiglietti and Peters 1972; Montero 1986; Ralston 1971) . The conventional axonal output of interneurons arises from axon terminals that form axodendritic or axosomatic inhibitory synapses on relay neurons and are termed F1 terminals. The other output is via interneuron dendrites that form dendrodendritic synapses onto relay cell dendrites and are known as F2 terminals (Famiglietti and Peters 1972; Montero 1986; Ralston 1971) . Although our understanding of the role of interneurons in regulation of thalamic gating is developing in the dLGN (Cox and Sherman 2000; Cox 2004, 2006) , their organization and function in vLGN is not understood. Both F1 and F2 synapses have been identified by ultrastructural studies in the vLGN (Gabbott and Bacon 1994) similar to that in dLGN (Mize and Horner 1984) with some minor differences. However, it is not clear whether F1 and F2 terminals are differentially distributed in vLGNl and vLGNm. In dLGN, activation of mGluRs on putative F2 terminals has been shown to enhance GABAergic signaling in dLGN relay neurons (Cox and Sherman 2000; Cox et al. 1998; Govindaiah and Cox 2006) . The mGluR-mediated increase in F2 output is resistant to TTX and furthermore does not occur in thalamic nuclei that lack intrinsic interneurons, such as the rodent ventral posterior nucleus (VP). In VP, mGluR activation does indeed lead to increased sIPSC activity in control conditions but is completely absent in the presence of TTX, thereby supporting the hypothesis that F1 (axonal) terminals are unaffected by mGluR activation and are consistent with an increase in F2 (dendritic) output in the dLGN (Cox and Sherman 2000; Cox et al. 1998) . The short transient hyperpolarizations are responses to short current steps (10 pA) used to assess alterations in input resistance. The longer hyperpolarization during the peak response is in response to manual current injection to return the membrane potential to predrug condition to eliminate any voltage-dependent changes in input resistance. iii: the Group II agonist APDC (25 M) does not alter the membrane potential. iv: the Group I agonist DHPG (50 M) depolarizes the neuron, and also increases sIPSP activity in presence of TTX (1 M). The insets illustrate the increase in sIPSP by DHPG (b) compared with predrug conditions (a). B: representative recording from a vLGNm neuron. i: membrane responses to hyperpolarizing and depolarizing current steps. ii: in TTX (1 M), ACPD (100 M) produces a membrane depolarization, but APDC (25 M) does not alter the membrane potential (iii). iv: DHPG (50 M) produces a membrane depolarization, but unlike the vLGNl neurons, there is no change in sIPSP activity. C: representative current-clamp recording from vLGN interneuron. i: representative voltage traces reveal firing properties elicited by hyper-and depolarizing current steps. ii: ACPD produces a negligible membrane depolarization. iii: APDC (25 M) produces a hyperpolarization in the same neuron, whereas DHPG (50 M) produces a depolarization (iv). DHPG does not alter apparent spontaneous activity in the interneuron. riade 2004). In contrast, there are limited electrophysiological studies evaluating inhibitory synaptic transmission in vLGN; however, activation of nicotinic cholinergic receptors increases GABA release via a presynaptic mechanism in the chick vLGN (Guo and Chiappinelli 2002; Guo et al. 1998) .
The hypothetical function of dendrodendritic synapses (F2 terminals) in dLGN is that they regulate the local output of thalamic relay neurons; however, it is unclear if this mechanism is restricted only to visual thalamus or a general feature of interneuron-containing thalamic nuclei. Our findings indicate that within vLGNl neurons, activation of presynaptic Group I mGluRs increases inhibitory synaptic activity, whereas activation of presynaptic Group II mGluRs decreases inhibitory activity in a TTX-insensitive manner. This enhancement of GABA A receptor-mediated IPSC frequency by mGluR activation may not result from suprathreshold excitation of interneurons at the somatic level because the general mGluR agonist ACPD did not produce a significant depolarization of interneurons that could evoke action-potential discharge and possible axonal release of GABA. In addition, the increase in sIPSC activity occurs in the presence of TTX (TTX-independent), indicating that action potential discharge is not necessary. We hypothesize that similar to that described in dLGN, these actions are mediated by excitation of interneuron dendrites (F2 terminals) via activation of mGluRs and subsequent release GABA Cox 2004, 2006) . Moreover, mGluR agonists did not increase GABA A receptor-mediated inhibition in vLGNm neurons in the presence of TTX despite the presence of interneurons within vLGNm. Anatomical studies indicate the presence of F2 synapses in vLGN but did not distinguish between the different lamina (Mize and Horner 1984) . In addition, activation of retinal afferents leads to an increased inhibition in vLGNl neurons, but not in vLGNm neurons. This OT-evoked increase in IPSC activity persists following blockade of iGluRs, which again eliminate suprathreshold activation of interneurons and are consistent with an increased output of F2 terminals. Our interpretation is that mGluRs localized on the dendrites of the vLGN interneurons can regulate dendritic output of the presynaptic dendrites. Furthermore, these presynaptic dendrites could in fact integrate information independent of the soma/axon output. The consequences of such actions of excitatory throughput remain speculative as to whether these mechanisms can shape excitatory responses to modify temporal features of afferent synaptic input and/or serve to dampen local regions of excitatory transmission by enhancing longlasting inhibition.
The second major aspect of our findings is that the differential actions of mGluRs on membrane excitability via postsynaptic mechanisms. In projection neurons, there appears to be only an excitatory action, via group I mGluRs that would predispose the thalamic neurons to a tonic firing state as well as increase the probability of action potential discharge to afferent excitatory synaptic inputs. Considering OT stimulation did not produce lasting depolarization in the projection neurons, we speculate that activation of mGluRs on these cells arises from other afferent inputs such as the superior colliculus or neocortex (Born and Schmidt 2008; Brauer and Schober 1982; Hickey and Spear 1976; Moore et al. 2000; Perry and Cowey 1979; Stelzner et al. 1976; Swanson et al. 1974; Takahashi et al. 1977; Taylor et al. 1986 ). However, OT stimulation does increase F2 terminal outputs via group I mGluR activation on interneurons and thereby increase inhibition on the projection cells. On the other hand, mGluR activation on interneurons produces both excitatory and inhibitory actions via group I and group II mGluRs, respectively. These data suggest that not only at the dendritic level (F2 terminals) but also at the somatic level, there is mGluRdependent regulation that can ultimately control inhibition via axonal (F1 terminal) outputs as well. Considering the endogenous neurotransmitter glutamate is involved, future studies determining what specific conditions (e.g., distinct afferent pathways, temporal patterns of activity) are required to evoke these distinct actions mediated by specific mGluRs should shed insight as to the functional significance of these distinct actions.
Our data regarding F2 terminals are consistent with the notion that vLGNl receives heavy afferent innervation from retina, whereas vLGNm receives sparse retinal projections indicating that the F2 arrangement may be restricted to visual and/or sensory processing (Hickey and Spear 1976; Perry and Cowey 1979) . It is important to note that only a subset of vLGNl neurons displayed the TTX-insensitive increase in inhibitory activity, whereas nearly all vLGNl neurons displayed an mGluR-mediated increase in IPSC activity in control conditions. These results suggest that there are differential innervations of F2 and F1 terminals in vLGNl. Furthermore, based on our distribution of TTX-insensitive and -sensitive responses, we predict that vLGNm would lack F2 terminals, whereas a subpopulation of vLGNl neurons is innervated by the presynaptic dendrites. Overall, our data suggest that the microcircuitry between the vLGNm and vLGNl differs, and these may be related to the specialized conditions for information processing in the vLGN. Second, our data suggest in the vLGNl, there are multiple forms of inhibition, axonal and dendritic in origin, and these distinct sources may provide specialized forms of inhibition to the projection neurons. While it is clear from our study that retinogeniculate neuronal activity can engage the F2 terminals, it remains speculative as to the conditions required to evoke the suppression of inhibition by group II mGluRs as well as distinguishing between F1 and F2 terminal-mediated inhibition. Nonetheless, our present findings indicate a complex role of mGluRs in the regulation of neuronal excitability within the vLGN, and the pre-and postsynaptic sites of action will play a crucial role in shaping the afferent excitatory drive from retina to vLGNl. Ultimately, the functional consequences of shaping or dampening excitatory synaptic transmission may serve to modulate the temporal tuning of retinogeniculate information processing. 
